The concept of using replicating oncolytic viruses in cancer therapy dates to the beginning of the twentieth century. However, in the last few years, an increasing number of pre-clinical and clinical trials have been carried out with promising preliminarily results. Novel, indeed, is the suggestion that viral oncolytic therapy might not operate exclusively through an oncolysis-mediated process but additionally requires the "assistance" of the host's immune system. Originally, the host's immune response was believed to play a predominant obstructive role against viral replication, hence limiting the anti-tumor eYcacy of viral vectors. Recent data, however, suggest that the immune response may also play a key role in promoting tumor destruction in association with the oncolytic process. In fact, immune eVector pathways activated during oncolytic virus-induced tumor rejection seem to follow a similar pattern to those observed when the broader phenomenon of immune-mediated tissue-speciWc rejection occurs in other immune-related pathologies. We recently formulated the "Immunologic Constant of Rejection" hypothesis, emphasizing commonalties in transcriptional patterns observed when tissue-destruction occurs: whether with a favorable outcome, such as in tumor rejection and pathogen clearance; or a destructive one, such as in allograft rejection or autoimmunity. Here, we propose that a similar mechanism induces clearance of virally infected tumors and that such a mechanism is primarily dependent on innate immune functions.
candidates for the treatment of established tumors. Moreover, while a wide array of replication-deWcient oncolytic viruses has been used in the past, recent studies have clearly shown that these constructs lack eYcacy when compared to other replication-competent models [4] .
The mutant adenovirus ONYX-015, which carries a deletion for E1B-55K, was the Wrst replication-competent modiWed virus that displayed anti-cancer eVects in humans [5] , and was originally believed to target p53-deWcient cancer cells. The use of this genetically engineered virus as a therapeutic agent has progressed to phase III clinical trials only 4 years after its Wrst application in patients [6] .
It is important to consider that the safe administration of oncolytic viruses in humans depends on an exclusive tropism for cancer cells. This has been achieved, among other methods, by the disruption of non-essential viral genes in viruses such as in HSV [7] , adenovirus [8] and vaccinia [9] that, for unclear reasons, alters the replicative capacity of viruses in a tissue-speciWc fashion.
Oncolytic therapy with vaccinia virus (VACV)
VACV is a promising candidate poxvirus for oncolytic therapy due to its extensive use in humans for vaccination worldwide against smallpox. This experience has clearly been demonstrated it to be safe. In addition, VACV displays several beneWts when compared to other oncolytic viruses. One of the biggest advantages is that VACV's genome of about 200 kb is relatively permissive to the insertion of foreign genes up to 25 kb length [10] , which have been used to modulate the in situ function of the virus, the infected cells and bystander host cells that are reacting to the intra-tumoral infectious process. This has been achieved through the expression of immune-modulatory genes, marker genes, therapeutic proteins or drug-converting enzymes. Another advantageous feature of VACV is the susceptibility of almost all cells within a tumor to infection with this virus, and VACV infection not only induces cell lysis but it also induces an associated, and in some cases preceded, activation of local cytotoxic T cells (CTLs) and natural killer cells (NK) responses. At the same time, with the exception of immune compromised patients or those with certain skin conditions such as eczema, VACV does not cause serious pathologies in humans and it has been shown to naturally and selectively propagate in tumor cells.
To enhance the natural tumor tropism of VACV, Kirn et al. [11] deleted the B18R gene, which encodes a protein that neutralizes type I Interferons (IFNs), producing a multi-functional and highly tumor-speciWc oncolytic vaccinia virus. Others [12] have designed a highly attenuated thymidine kinase-and vaccinia growth factor-depleted virus strain (vvDD-GFP) with enhanced anti-tumor eYcacy. We recently introduced a novel VACV strain (GLV-1h68) derived from the LIVP progenitor strain that was modiWed by insertion of three expression cassettes (Renilla luciferase-Aequorea green Xuorescent fusion protein, -galactosidase and -glucoronidase) into the F14.5L, J2R and A56R loci of the viral genome, respectively. Because of its light emitting properties, GLV-1h68 can be used simultaneously as an imaging tool to detect malignant cells in the body while exerting its oncolytic eVects [13] .
Innate immune reactions to pathogenic vaccinia virus infection
Host cells possess the ability to sense viral infections through speciWc membrane bound or soluble intracellular pattern recognition receptors. Their ligands, pathogenassociated molecular patterns, trigger signaling cascades which ultimately lead to the production of type I IFNs and other cytokines. These innate immunity mechanisms protect the cells from uncontrolled virus spread while the adaptive immune response fully matures.
Recent studies have also demonstrated that the immune system may utilize ancestral autophagy mechanisms that have generally been adopted as a primary defense to battle microorganisms invading infected cells. The underlying mechanisms are still to be elucidated, however, it is clearly accepted that the anti-apoptotic function of autophagy provides protection against virus-induced pathologies [14] .
Immune reactions against VACV infections have been studied and appear to diVer according to the route of VACV administration. Intra-nasal infections of BALB/c mice with VACV strain Western Reserve induced early viral replication in the upper respiratory tract and lung that was associated with the inWltration of inXammatory cells into the lungs up to 15 days following infection. This inWltration included predominantly macrophages and T lymphocytes as well as the expression of several CCL chemokines (3, 2 and 11) and CXCL chemokines (1 and 2/3) [15] . Intra-dermal infection of the ears of BALB/c and C57BL/6 mice is followed by recruitment of macrophages, granulocytes and predominantly T cell receptor (TCR)--expressing T lymphocytes. This primary response is secondarily followed by a large inWltration of CD4 + and CD8 + T cells [15, 16] . This was consistent with Wndings observed with the intra-dermal and intra-nasal route of administration. Selin et al. [17] proposed a role for IFN--producing -T cells following VACV delivery in the peritoneal cavity of C57BL/6 mice. Interestingly, uninfected -TCR knock out mice harbored a signiWcant number of VACV-speciWc -T cells, which rapidly expanded in response to VACV infection and secreted IFN-while deploying increased cytotoxic activity.
Thus, IFN-production is critical for the clearance of acute VACV infection [18, 19] . VACV, however, has evolved to protect itself from the host's anti-viral response. Like many other viruses, VACV encodes genes that can interfere with the host's innate immune defense [20] . VACV induces many intra-and extra-cellular proteins that can inhibit IFNanti-viral eVects. A good example is the product of the viral gene B8R, a soluble-IFN-receptor like-molecule, which binds speciWcally human and not mouse IFN- [21, 22] , and results in a species-speciWc immune evasion mechanisms in its natural host.
Whereas, a type II IFN-mediated immune response is responsible for the activation of the acute inXammatory response associated with oncolytic therapy and is central to the activation of cell-mediated immunity [23] , both type I and type II IFNs are equally important in the containment of poxvirus infections [19, 24, 25] . In addition to its direct antiviral eVects, IFN-orchestrates a wide array of immune regulatory and other eVects [26] including the regulation of NK cell activation [27, 28] . The direct signaling of NK cells, but not dendritic cells (DCs) through IL-15 secretion [29] seems to be required for the activation and exhibition of the eVector functions which lead to VACV clearance both in vitro and in vivo [30] .
Cancer immunotherapy with vaccinia virus as an immunization agent
It is generally accepted that more than one genetic alteration is needed to transform normal cells into cancerous ones and to begin independent growth. It is also well accepted that the early evolution of cancer leads to the changing and adapting of phenotypes that allows tumor escape from immune surveillance through a mechanism referred to as immune editing [31] [32] [33] . Thus, tumors adapt to immune responses by down-modulating their antigenic properties and by producing factors that dampen the immune response. This creates a microenvironment in which inXammation predominantly fosters tumor growth [34] [35] [36] . Moreover, although cancer cells express tumorassociated-antigens (TAAs) that can be naturally recognized by the host's immune system [37, 38] , their immunogenic potential is, in normal conditions, insuYcient to induce eVective cytotoxic cell activation due to lack of co-stimulatory signals generally provided in other immunemediated phenomena such as by the expression of pathogen associated patterns [39] . In that context, the total loss or decrease in expression of HLA class I molecules has been reported for various cancer cells and this down-regulation eventually prevents tumor regression since this renders cancer cells insensitive to CTLs. In melanoma patients, low HLA class I antigen expression has been linked to poor clinical outcome and lesions that progress after immunotherapy [40, 41] .
Thus, contrary to cells infected by lytic viruses, cancer cells survive in an immune quiescent microenvironment in which chronic inXammatory processes are not suYcient to induce their elimination. This is an important consideration when evaluating the immune eVects that an oncolytic virus infection can produce and how it may alter the microenvironment.
Several clinical approaches have been tested to make a tumor "visible" to the immune system and thus to direct an immune response against it. Although cancer chemotherapy has usually been considered to be immunosuppressive, recent data suggest that some chemotherapeutic agents might trigger an anticancer immune response similar to that which can be achieved with oncolytic therapy [42, 43] . Viral vectors have been used to deliver and express tumor antigens with the aim of making the tumor cells more immunogenic [44, 45] . Virally infected cells provide the danger signals which are sensed by cells of the innate immune system. Once triggered by the presence of the pathogen, DCs, NK cells, macrophages, neutrophils, basophils, eosinophils and mast cells secrete cytokines and chemokines, which either lead to the direct killing of the pathogen-infected cell or lead to the recruitment of other inXammatory cells belonging to the adaptive immune response [46] . The concomitant activation of the immune system is one of the most important goals in the use of viral vectors as cancer vaccines. Thus, although these viruses have no oncolytic activity and have no speciWc cancer cell tropism, they can induce anti-cancer eVects through the activation of the immune responses against TAAs that would be otherwise indolent due the lack of immune cell co-stimulation in the absence of a viral infection.
While the decision to select the optimal TAA is inXuenced by several factors beyond the scope of this review, the selection of the viral delivery system addresses more basic issues. Tumor-speciWc tropism, replication and induction of long-lasting, and potent cellular and humoral responses paired with safety for the patient are all considerations which places VACV among the most promising potential vectors [47] . A study conducted in the United Kingdom described the use of ModiWed Vaccinia Ankara (MVA) virus to deliver the tumor antigen 5T4 in colorectal cancer patients. 5T4 oncofetal antigen is a non-mutated self-antigen similar to carcinoembryonic antigen according to the classiWcation system described by Amato et al. [47] . In a preliminary phase II study, it was observed that 6 out of 11 patients experienced a complete or partial response to the MVA-5T4 (TroVax ® ) administration [48] . More recently, the same group reported their experience in more than 200 patients who received over 700 doses of vaccine and immune responses were observed in approximately 95% of patients [47] .
Kaufman et al. [49] reported the administration of two genetically engineered poxvirus family members: VACV and Fowlpox virus. Both constructs carried the TAAs carcinoembryonic antigen and mucin-1 and were administered to pancreatic cancer patients. Vaccination was well tolerated and Wve out of eight patients displayed antigen speciWc T-cell responses after VACV injection.
To stimulate strong T-cell responses against weak TAAs, co-stimulatory signals are needed [50, 51] . Stanford et al. [46] suggested that the achievement of immune-mediated tumor regression requires three criteria to be fulWlled: (a) the generation of a large frequency of high avidity tumor reactive-T-cells, (b) the traYcking of tumor-reactive T-cells to the tumor site, and (c) sustained T-cell activation within the tumor. Similarly, we have long argued that the localization and activation of T-cells at the tumor site is the key factor missing for successful immune-mediated tumor destruction [51] [52] [53] and that immunotherapy works primarily through the activation of potent innate immune responses within the tumor microenvironment, which could cause a switch from a lingering and chronic inXammatory process to an acute one [54] [55] [56] [57] . Thus, poor clinical response rates in clinical trials with cancer vaccines [58] may be due to the failure to achieve the third criteria and secondary to tumor-evolved mechanisms that dampen adaptive responses and inhibit full activation of T-cells, the requirements of which have not been suYciently characterized [53] .
The expression of immunosuppressive factors like IL-10 or TGF-by tumor-associated immune cells, as well as the T-regulatory cell mediated suppression of CTL proliferation and eVector function may prevent a successful outcome [46] . It is in this realm that oncolytic therapy may play an important role in facilitating the activation of vaccine-induced immune responses by providing powerful co-stimulation at the tumor site [53] .
Recent data suggest that angiogenesis inhibitors may have a beneWcial eVect for clinical outcome. Tumor cells tend to produce angiogenic growth factors and factors that suppress the expression of endothelial cell adhesion molecules that are necessary for interaction with leukocytes. Agents such as anti-VEGF antibodies, endostatin and anginex share the ability to normalize the expression of adhesion molecules and thus stimulate leukocyte inWltration and make the tumor more vulnerable to the immune system [59] .
Innate immune responses have been shown to induce tumor rejection without necessarily requiring the presence of adaptive immune responses [60] . Indeed, it has been argued that adaptive cytotoxic T cell responses may act primarily as "helpers" to promote powerful activation of innate immune eVectors such as NK cells [61] . In humans, local injection of Toll-like receptor agonists or adenoviral vectors can induce the regression of basal cell carcinomas, cutaneous lymphomas, actinic keratosis and leukemias without evidence of B or T-cell participation [56, [62] [63] [64] although pre-clinical models suggest a potential role of Toll-like receptor signaling activation in expanding adaptive immune responses [65] . We have recently argued that adaptive immune responses provide speciWcity but are not necessarily suYcient to induce cancer rejection unless other components of the innate immune response are activated at the same time [57] . It is in this interface that VACV (and more broadly viral oncotropic viral vectors) may play a key role in tumor immunology as discussed in the next section.
Oncolytic therapy with VACV and tumor rejection in the context of an innate immune response
The innate immune response initially stimulated by the virally infected cells and/or the VACV itself is directed automatically against the infected tumor cells and we suggest that this is part of the mechanism leading to tissue destruction by oncolytic therapy. A critical parameter is the likelihood of viral localization and replication at the tumor site before the pathogen can be neutralized by the host's immune system. Extra-cellular enveloped virus (EEV), a VACV form that naturally occurs early after infection, leads to rapid cell-to-cell spread before cell lysis occurs. EEV particles possess a host cell-derived lipid bi-layer which contains anti-complement proteins, hence providing protection against immune-mediated clearance. Infections in murine models with EEV-enhanced VACV strains result in improved anti-tumor eVects due to their enhanced ability to spread and replicate in distant tumor parts and to be more resistant to neutralizing antibodies [66] .
We have generated the eYciently replicating VACV GLV-1h68 strain, which leads to regression of GI-101A breast cancer xenografts in 95% of cases after intravenous delivery of 1 £ 10 7 viral particles. Insertion of three foreign expression cassettes into the F14.5L, J2R, and A56R loci of the parental LIVP genome, expressing Renilla luciferaseAequorea green Xuorescent protein (RUC-GFP) fusion, -galactosidase, and -glucuronidase, respectively, resulted in a replicating, oncolytic VACV strain with increased tumor speciWcity and hence less systemic toxicity [13] .
Transcriptional analysis of mouse xenografts using a mouse-speciWc platform to identify the host's response genes revealed the activation of innate immune mechanisms in regressing GI-101A tumors compared to non-infected control tumors [13] . Up-regulation of pro-inXammatory chemokine ligands such as CCL2, CCL17-19, CCL12, CXCL9, CXCL10 and CXCL12 was seen together with an increase in interleukin (IL), and chemokine receptors (IL13R, IL18, and CCR2) transcripts. Additionally, a signiWcant activation of Interferon-stimulated genes ISGs (IW202b, IW203, IW204, IW205, IW35, IW44, IW47 , IWh1, IWt1, IWt2, IWt3, IWtm3, Igtp, Iigp1, Isgf3g) was observed in association with increased STAT1 and Interferon-regulatory factor (IRF)-7. This strongly suggested that type I IFNs are critically involved in the process. Finally, immunohistochemistry of VACV-infected, regressing xenografts showed an intense peri-and intra-tumoral inWltration of mononuclear cells, which was conWrmed by the up-regulation of CD69, CD48, CD52, and CD53 seen in the host's gene expression arrays. These markers are expressed on activated T-cells, NK cells, macrophages, granulocytes and DCs, and are associated with leukocyte activation and NK cytolytic function [13] . We concluded that tumor rejection induced by oncolytic viruses in this xenograft model is at least in part mediated through activation of innate immune mechanisms which correlate with the level of viral replication and precede tumor regression.
In a recent study, we compared GLV-1h68-infected GI-101A xenografts which were sensitive to oncolytic therapy to GI-101A xenografts from non-infected animals and to HT-29 colon cancer xenografts that do not respond to oncolytic therapy [67] . Moreover, we evaluated gene expression proWles of the oncolytic interaction by adopting organismspeciWc microarray platforms to simultaneously monitor gene expression changes in the tumor microenvironment. We applied 36k whole genome human arrays to test for alterations in the human cancer cells; 36k whole genome mouse arrays to examine the host's inWltrating stromal cells and lastly; custom-made 1K VACV arrays to characterize changes in viral transcription pattern.
Interestingly, human transcript analysis revealed no diVerences in non-responding, infected HT-29 tumors compared to control tumors. The expression of only a limited set of genes was altered after GLV-1h68 inoculation in regressing GI-101A xenografts. Most of the transcriptional changes that were observed in the infected responding tumors at a time when cell death had not yet occurred revealed a profound down-regulation of genes associated with cellular metabolic processes. These changes reXected the shut down of cancer cell metabolism due to VACV infection. Most of the few up-regulated transcripts in regressing GI-101A cells infected with VACV were associated with the activation of the innate immune mechanisms, but further sequence analysis showed that the majority represented the host's mouse cell transcripts that crosshybridized onto human arrays.
The most interesting insights of this study were gained after analysis of the mouse expression arrays that represented the host's inWltrating cells. Infected, non-responsive HT-29 tumors did not show signiWcant changes in gene expression compared to HT-29 tumors from non-infected control animals. On the contrary, a large number of genes were up-regulated in the GI-101A tumors after GLV-1h68 delivery compared to the non-infected GI-101A xenografts. Further analysis discovered a signiWcant enrichment of immune-related genes. Among these immune-regulated genes, ISGs and other IFN signaling genes represented the most up-regulated canonical pathways both at an early time points when tumors were still continuing to grow in size (21 days post-infection) and later (42 days post-infection) when tumor rejection had started. This suggested that strong immune activation precedes tumor necrosis and, therefore, is unlikely secondary to the death of cancer cells, but rather is related to cancer cell infection. We also observed the up-regulation of IL-18 and IL-18 binding proteins, both of which played a dominant role early in infection, whereas IL-15 became the predominant cytokine expressed at later stages. Among CXCL chemokines, CXCL9, CXCL11 and CXCL12 were strongly expressed in regressing GI-101A xenografts together with CCL5 and CCL9 [67] .
Based on these Wndings, we concluded that, in this immune deWcient mouse model, the activation of innate immune responses might be suYcient to lead to tumor regression in cooperation with the viral oncolytic process. Further analysis of the genes activated upon tumor rejection in this mouse model leads to the integration of the results in the context of a much broader phenomenon that we recently described as the immunologic constant of rejection (ICR) [57] .
The immunologic constant of rejection
In 1969, Salk proposed the question of whether chronic infections, allograft rejection, autoimmune disorders and cancers belong to a common phenomenon that he termed the "delayed allergy reaction" [68] . The underlying mechanisms of these pathologies are clearly variable and distinct from each other. Infectious diseases like hepatitis C virus (HCV) infections become chronic if the pathogen is not cleared acutely; the latter process occurs rarely in humans [69] . Allograft transplant rejection can be controlled only through immune suppression because the broad antigenic diVerences between the allograft and host can trigger a strong immune response. Whereas, both allograft rejection and pathogen clearance represent an immune reaction against non-self structures, the immune system can also attack "self" tissues if the discrimination between self and non-self fails, as observed in autoimmunity. Immune responses against tumors Wt self or non-self discrimination, as tumor cells are derived from normal progenitor cells and mostly express non-mutated TAAs [70] . However, some cancers display mutated antigens [71] that are unique to tumor cells and can be recognized as non-self by the immune system. Even though the underlying triggering mechanisms diVer among distinct immune pathologies, we postulated that the Wnal outcome deWned as tissue-speciWc destruction follows a common eVector pathway which we called the "immunologic constant of rejection". We formulated four axioms that summarize the phenomenon: (1) tissue speciWc destruction does not necessarily occur because of non-self recognition but also occurs against self or quasi-self; (2) the requirements for the induction of a cognate immune response diVer from those are necessary for the activation of an eVector one; (3) although the prompts leading to tissue speciWc destruction vary in distinct pathologic states, the eVector immune response converges into a single mechanism; and (4) adaptive immunity participates as a tissuespeciWc trigger, but it is not always suYcient or necessary [57] .
The ICR theory was formulated based on studies conducted in humans but perfectly supports our Wndings in the xenograft model described above. Athymic mice harboring GI-101A xenografts mount an innate response and are able to reject the tumors after systemic delivery of the oncolytic VACV GLV-1h68 [13] . According to the ICR hypothesis, common eVector pathways consisting of activation of ISGs and immune eVector functions such as cell-mediated toxicity were all up-regulated in regressing GI-101A tumors in the mouse transcriptome suggesting a local innate immune response. No such immune reaction was seen in HT-29 tumors which corresponded with continued growth of the respective xenografts. Furthermore, responding tumors showed an activation of a distinct subset of macrophage-associated signatures and were highly inWltrated by MHC class II positive cells in the intra-and peri-tumoral compartment [67] . Interestingly, after being initially vaccinated with 5 £ 10 6 pfu of GLV-1h68 responding GI-101A tumors showed much higher viral titers than persistent HT-29 tumors. It appears that in vivo viral titers are key players in determining the intensity of the immune response and, as a consequence, treatment outcome (Fig. 1) .
While the weight and timing of the oncolytic eVects compared to the activation of the innate immunity needs to be elucidated, it seems clear that adaptive immunity is not required to reject tumors during oncolytic therapy. This is not totally surprising as similar Wndings were observed in experimental tumor regression models [60] . During oncolytic therapy, the presence of the virus selectively in the tumor cells probably induces an immunestimulation within the target organ that is suYcient to bypass the need for the speciWcity provided by TAAspeciWc T-cells. The potent pro-inXammatory viral infection in these cases is suYcient to induce a switch from a chronic inXammatory status to an acute one and leads to tissue speciWc destruction.
Conclusion
In summary, it appears that oncolytic therapy with VACV is associated in experimental models with powerful activation of immune responses within the tumor microenvironment. The ultimate role of the immune response in determining tumor rejection compared with the direct oncolytic process needs to be further evaluated by immunedepletion experiments. However, the strong association between viral replication in cancer cells and activation of immune responses suggests that oncolytic viruses characterized by speciWc tropism for cancer cells may be exploited not only as therapeutic tools in the context of classical oncolytic therapy but also as adjuvant in the context of other immunotherapy strategies, including the active speciWc immunization where, we believe, the limit to successful tumor eradication is due to the lack of stimulation of vaccine-induced T-cells in the target tissue [53] . This hypothesis needs to be further evaluated in future clinical trials that follow a systematic approach [72] , but it is likely that oncolytic therapies will play a critical role in identifying important mechanisms leading to immune-mediated tissue-speciWc rejection. 
